The effect of the localized strain and stress on the stress corrosion cracking (SCC) of X70 steel in simulated seawater at 500 m depth was investigated by performing finite element analysis, electrochemical measurements, slow strain rate tensile (SSRT) tests, and scanning electron microscopy (SEM). The results suggested that the deformation accelerates the electrochemical reaction rate. The SCC susceptibility increases with the increase of elastic deformation, and it reaches the maximum value when stress strength increases to the yield point. .In the plastic deformation, the deformation firstly increased then reduced SCC susceptibility because of hydrogen embrittlement (HE) and Bauschinger effect. The decrease of SCC susceptibility in plastic deformation was influenced by the increase of irreversible traps. It was observed that the cracks initiated at corrosion pits.
INTRODUCTION
Stress corrosion cracking (SCC) of pipeline steel has caused enormous destruction, especially in the harsh corrosive ocean environment [1] . Quite a few papers have reported that SCC is seriously affected by elastic and plastic deformation. Chen [2] found that the residual stress and tensile stress would accelerate corrosion and promote micropore formation. Gutman [3] concluded that deformation promoted the decrease in the metal electrode potential and the increase in the anode current. Parkins [4] demonstrated that the stress would seriously impact membrane rupture, pitting, and passivating, which are directly related to crack nucleation and propagation. Moreover, Gao [5] indicated that the mechanical stress promoted the activity of the metal surface, accelerating the structural fracture. In addition, Lu [6] studied the effects of plastic deformation on X70 steel weld SCC susceptibility in a neutral solution, and proposed that plastic deformation reduces the SCC resistance in different areas of the X70 steel weld. Cui [7] investigated the influence of plastic deformation on the SCC behaviour of X70 steel and suggested that plastic deformation promoted cathodic reaction and hydrogen absorption and ingress into the steel and thus accelerated the SCC risk of X70 steel. Further, Ren [8] pointed out that no linear relationship exists between mechanical stress and electrochemical corrosion.
In an ocean environment, in addition to the variation in corrosive factors caused by variations in the depth, SCC is also affected by the plastic and elastic deformation. However, corrosive factors in the deep-sea environment are very different from those in shallow-sea and normal laboratory environments, which include high hydrostatic pressure, low dissolved oxygen, low pH under a corrosion product layer, and salinity [9, 10] . Some investigations [11, 12] have demonstrated the effect of hydrostatic pressure on metal and alloy corrosion: the rate of aluminium corrosion increases with the hydrostatic pressure and deeper pits are formed on 6061-T6 aluminium alloy, but generalized corrosion is inhibited due to the formation of a protective Mg-Al oxide layer. More recently, Yang [13, 14] et al. found that the pit growth rate increases with the increase in the hydrostatic pressure. Furthermore, low oxygen concentration and pH in the deep-sea environment may augment the hydrogen evolution reaction, which enhance fatigue cracking [15] [16] [17] [18] . Some of the hydrogen atoms turn into the gas phase, while others are adsorbed on the electrode surface, which can penetrate the metal matrix [19] , leading to hydrogen embrittlement (HE) [20] . Some studies suggested that hydrogen atoms are easily trapped in the steel with plastic deformation [21, 22] . Therefore, it is significant and urgent to study the effects of different degrees of deformation on the SCC behaviour and mechanical properties of pipeline steel.
It was pointed out that hydrostatic pressure may influence the SCC susceptibility of X70 steel by changing the permeated hydrogen concentration resulting from cathodic reaction [23] , however, the SCC behaviour of pipelines with plastic and elastic deformation in deep-sea environments was not studied. In this work, the effects of varying elastic and plastic deformation on SCC behaviour and mechanical properties of X70 steel in a simulated deep ocean environment was investigated using electrochemical measurements, slow strain rate tensile (SSRT) tests, and scanning electron microscopy (SEM).
EXPERIMENTAL

Material
All specimens in this work were prepared from an API X70 pipe steel supplied by Nanjing Steel Co., China. The pipeline steel used in this study contains 0.045% C, 0.2% Si, 1.53% Mn, 0.013% P, 0.0036% S, 0.03% Cr, 0.15% Mo, 0.02% Ni, 0.048% V, 0.031% Cu and balance of Fe (by weight). The basic mechanical properties of the X70 pipeline steel are shown in Table 1 . 
Test environment
All experiments were carried out in the simulated environment of 500-m-depth seawater. The NaCl content in the solution was 3.5% in weight, and the solution pH was adjusted using NaOH to 7.5; further, the oxygen content was reduced to 2.6 mg/L by employing high-purity nitrogen gas flow. The hydrostatic pressure was 5 MPa achieved by using high-purity nitrogen, and the temperature was 5 ± 1°C.
SSRT tests
SSRT tests were conducted on the LF-100-201-V-304 Test System produced by Termo Electron Corporation, USA. The specimens were prepared with dimensions shown in Fig. 1 . Prior to testing, specimens were polished with 1500 grit emery paper with the burnishing direction parallel to the tension direction, and were then cleaned with deionized water and acetone. The different stresses in the elastic and plastic strain ranges were then applied, and the specimens were immersed in the simulated seawater for 24 h. Next, elastic deformation was applied at 0%, 40%, 72%, and 100% of the yield strength, and plastic deformation was achieved with 2%, 4.5%, 7.5%, and 12% of the applied plastic strain. Then, SSRT tests were performed at a strain rate of 1.0×10 -6 s -1 . Each test was repeated three times, and there was no discrepancy among the test results.
Figure 1. Sample for SSRT tests
The fracture surface of the specimens after SSRT tests was cleaned with deionized water and ethanol. The percentage of elongation and reduction in area of each specimen were measured, and after removing corrosion products, the fracture morphology was observed via SEM (Quanta250). Fig. 2a shows the schematic diagram of U-specimens, which were prepared according to GB/T 15970.3. Both the stress and strain distribution of U-specimens were analyzed by using ABAQUS 6.10 software. Then, the electrochemical measurements with different deformation degrees were carried out on the selected area with varying stress and/or strain.
Analysis of stress and strain distributions
The finite element method was used to analyze stress and strain distributions of U-specimens by employing the ABAQUS 6.10 software. In the work, the length of the sample is 95 mm and thickness is 2 mm, as in the actual specimen. The mode was meshed with a CPS8R unit, the size of which was 0.5 mm, and the number of which was 760, as shown in Fig. 2b . The mechanical properties conformed to the constitutive relation [24, 25] was assumed by Eq. 1.
Here, ζ and ε are the stress and strain, respectively, and ζ 0 , α, and n are the yield strength, hardening coefficient, and hardening index, respectively. The distance between the underdraught head and sample surface was 0.75 mm, as shown in Fig.  2b . The underdraught head was pushed down by 0.752 mm to establish a stable contact with the sample to avoid convergence in the calculation process. Then, the underdraught head was pushed down by 30 mm to prepare the U-specimen according to GB/T 15970.3. The finite element software was used to analyze the stress and strain distributions of U-specimens. shows the plastic strain distribution of the U-specimen. It is seen that the maximum plastic strain appears in the top of the U-specimen outer surface and is up to 7.52%. Then, a gradual decrease follows with the increase in the distance from the top. In order to mark the position in the arc of the U-specimen, the arc centre of the U-specimen was used as the center of the circle, with the angle ( ) of the top 0°, right is positive angle, left is negative angle, as shown in Fig. 2a . The distribution of the plastic strain of the U-specimen outer surface with the change in the angle is shown in Fig. 3b. 
Electrochemical measurement
The U-specimen was polished subsequently to 1500 grit emery papers with the direction parallel to the tensile stress direction, and then cleaned with acetone. The U-specimen was sealed with silicone rubber, with a working area of 0.5 cm 2 exposed to 0%, 4.5%, and 7.5% of the plastic strain of the U-specimen outer surface according to the results of finite element analysis (Fig. 3) . Electrochemical measurements were carried out using a GAMRY Instruments Reference 3000 electrochemical work station connected to a three-electrode system, where the exposed part of the Uspecimen, a platinum plate, and a Ag/AgCl electrode (containing 1 mol/L KCl) was used as the working electrode, counter electrode, and reference electrode, respectively. The reference electrode potential of the Ag/AgCl electrode was 0.222 V vs. standard hydrogen electrode (SHE). All the measured potentials in the study were converted to the values relative to SHE.The pressure of the test environment was controlled to 5 MPa using high-purity nitrogen in an autoclave. The temperature was controlled for 5 ±1°C by using a water bath.
The potentiodynamic polarization measurement was performed from -0.25 V to 1.6 V vs. the open circuit potential (OCP), with a potential scanning rate of 0.333 mV/s. Electrochemical impedance spectroscopy (EIS) was performed at the OCP with the alternating current voltage disturbance of 10 mV, within a frequency ranging from 100000 to 0.01 Hz.
All the tests in the work were carefully carried out in triplicate to assure the reproducibility and reliability of the results.
RESULTS AND DISCUSSION
SSRT with the different deformation
SSRT curves obtained after immersion tests for 24 h under varying elastic prestrain values are shown in Fig. 4 . It was found that the tensile strength of the X70 steel pipe gradually increased, and the elongation decreased as the elastic prestrain increased from 0% to 100% ζ s (yield strength). The results above indicate that the elastic prestrain increases the SCC susceptibility of X70 steel pipe in the simulated solution. .5%, and 12% of the original length of the sample extension area) obtained after immersion in 500-m-depth simulated seawater for 24 h. It can be concluded that the strength with the plastic deformation at yield point for 24 h is maximum, and the elongation is minimum. Then, the strength increases after a decreasing stage, and the elongation presents the opposite trend. The strength of the X70 steel specimen with 4.5% plastic deformation is minimum, and the elongation is maximum. In order to analyze the effect of the prestrain values on the SCC property, the rate of the elongation-loss rate (I δ ), the reduction loss in area (I Ψ ) and fracture strength loss (I ε ) were calculated to quantify the SCC susceptibility. These are defined as follows [26] :
Here, δ 0 , Ψ 0 and ε 0 are the elongation, reduction in area and fracture strength measured with different plastic deformation in air, respectively, and δ s , Ψ s and ε s are the elongation, reduction in area and fracture strength measured with different plastic deformation in simulated sea environment, respectively. With the same deformation, I δ was calculated by δ 0 and δ s , and Ψ 0 and ε 0 were calculated in the same way.
As shown in Fig. 6 , I δ , I Ψ and Iε increase gradually with increasing elastic deformation, where ζ s is the yield strength. The maximum I δ , I Ψ and Iε corresponds to the maximum elastic deformation (yield strength point), i.e., the largest SCC susceptibility.
The curves of SCC susceptibility versus plastic deformation are shown in Fig. 7 . The change trends of I δ , I ψ , and I ε are not exactly the same. The curve of I Ψ shows a slight fluctuation with the increase in the plastic deformation degree, reaching the maximum and minimum values with the plastic deformation applied 0.35% and 4.5% of the original length, respectively. The curves of I δ and I ε fluctuate greatly with the maximum values obtained for 0.35% plastic deformation, and the minimum values obtained for the plastic deformation applied 12% of the original length. However, the maximum value of SCC susceptibility of X70 steel pipe appears with the plastic deformation applied 0.35% of the original length. (Fig .8a) is observed. The necking degree decreases gradually, and fracture surface becomes smoother with increasing elastic deformation, as shown in Figs .8a to 8d. Further, the enlargement of the brittle fracture area and the decline of dimples were observed on the fracture, as shown in Figs .8a to 8d. It could be concluded that the increase in the elastic deformation degree enhances the SCC susceptibility of the X70 steel pipe in the simulated solution.
SEM images of fracture surfaces after SSRT tests with different degrees of deformation
Both tensile and compression stress enhanced the surface electrochemical activity [27] . The increase in the stress leads to a decrease in the electrode potential, resulting in the easy generation of hydrogen atoms. HE leads to the presence of brittle fracture at the fracture surface in Fig. 8 . Moreover, the material surface activity increases continuously with increasing deformation [28] .
Thus, the deformation caused by the applied tensile stress increases the probability of hydrogen atoms penetrating the metal, which results in increasing SCC susceptibility. This result is consistent with the result shown in Figs. 4 and 6 . Thus, the process was mainly affected by HE.
The SEM images of fracture surfaces after SSRT tests with different plastic deformation are shown in Fig. 9 . It can be seen that there are obvious necking at all macroscopic fractures, with brittle fracture surface and some dimples at edge of the fractures. The fracture in the case of the plastic deformation at yield point is smoothest, and brittle fracture characteristic is most obvious. The SEM images of the fracture side surfaces of X70 steel pipe specimen after SSRT tests with different degrees of elastic deformation are as shown in Fig. 10 . The transverse crack extension direction was approximately linear, without twists and turns along the grain boundary, which implied that the crack extension is transgranular. However, the microcracks size of the specimen without deformation was smaller, indicating that the number and the size of microcracks on the fracture side surfaces increased with an increase in the degree of elastic deformation. 11 shows the SEM images of the fracture side surfaces of the X70 steel pipe specimen after the SSRT tests with different degrees of plastic deformation. It is seen that there are microscopic cracks on the fracture side surfaces, and their size is larger in the X70 steel specimens subjected to plastic deformation of 0.35% and 12% of the original length. Large numbers and big size of microscopic cracks on the surface of the metal would decrease mechanical property of the specimen, accelerating the fracture.
It can be observed that the variation of I δ , I ψ , and I ε (Fig. 6 ) in elastic prestrain is not conform to the variation in plastic deformation (Fig. 7) . The reason is that hydrogen atoms are easily trapped by irreversible traps in the steel with plastic deformation [21, 22] , resulting in the decrease of hydrogen atoms number in reversible traps, which enhance the crack propagation with hydrogen moving to the crack tip [29] . When deformation reaches to 8%, exceed the tensile strength point, Iδ, Iψ, and Iε increase by the effect of Bauschinger effect. As a whole, the HE effect is inhibited with the increase of plastic deformation, which is consistent with the results in Fig. 9 . The microcrack size of the specimen with the deformation at yield point was larger. Some microcracks through corrosion pitting were observed, as shown in Fig. 12 . This implied that the cracks initiated at corrosion pits. Fig. 13 shows the difference in the anode polarization curves of X70 steel pipe U-specimens with 0%, 4.5%, and 7.5% plastic deformation in the 500-m-depth simulated seawater. It is seen that the anode polarization curves' slope is highest without plastic deformation, and the slope gradually decreases as the degree of plastic deformation increases; this illustrates that plastic deformation enhances the rate of anodic dissolution reaction.
Electrochemical behaviour
Plastic deformation plays an important role in promoting the cathodic and anodic reactions of pipe line steel [30, 31] . The corrosion resistance is affected by the surface activity and dislocation structure [32] . Surface defects caused by the synergistic effect of stress and the electrochemical process in the strain process, result in an increase in the local potential, which promotes the electrode reaction [33] . The plastic deformation is proportional to the number of vacancies and dislocation [28] . Increasing number of vacancies and dislocation increase the microcosmic electrochemical activity, which accelerates the rate of anode dissolution and leads to a higher macroscopic electrochemical activity. This indicates that there is an inversely proportional relationship between the electrochemical reaction resistance and plastic deformation, which accelerates the corrosion rate of X70 steel pipe. 
0%
4.5% 7.5% Figure 13 . Anode polarization curves of X70 steel with the plastic deformation in artificial seawater Fig. 14 shows the electrochemical impedance spectroscopy (EIS) curves of X70 steel pipe Uspecimens with plastic deformation of 0%, 4.5%, and 7.5% in simulated seawater. It can be concluded that the low-frequency impedance modulus in the simulated solution decreases with an increase in the plastic deformation degree, which indicates that the corrosion resistance decreases. EIS data were fitted with the ZSimpWin software and the equivalent circuit is obtained, as shown in Fig. 15 . R t is the charge-transfer resistance, R f is corrosion products film resistance, R s is the solution resistance between the reference and working electrodes, CPE f is the corrosion products film capacitance, and CPE dl is electrical double-layer capacitor [34] [35] [36] [37] . Table 2 displays kinetic parameters and the EIS analysis results for the X70 steel pipe specimens with different plastic deformation, where the polarization resistance R P = R f + R t . R P gradually decreases as the degree of plastic deformation increases, which illustrates that corrosion tends to increase with increasing plastic deformation.
Because of the low oxygen content (2.6 mg/L) in the deep-sea environment, the cathode reaction is mainly the hydrogen evolution reaction, divided into three steps [16, 38] 
This mechanism boosts the generation of hydrogen atoms. The low pH in the deep-sea further increases the number of hydrogen atoms. It can be inferred that plastic deformation enhances the anodic dissolution of X70 steel pipe, and the corrosion rate increases as the plastic deformation degree increases. This is because the dislocation density increases with the deformation degree, which leads to dislocation pileup. The formation of the dislocation pileup increases the inner stress and leads to the increase in the flow stress, which in turn cause material strengthening. With the increase in the number of dislocations in the dislocation pileup formed around barriers in the process of deformation strengthening, the partial equilibrium potential around dislocations decreases, which leads to an increase in the anode dissolution rate [39] .
CONCLUSIONS
The SCC susceptibilityof the X70 steel pipe in deep seawater increases with the increase in the elastic pre-strain, and reaches the maximum value at the yield strength point, due to the increase of HE effect .Under the plastic pre-strain conditions, the increase of deformation (0.35% to 4%) decreases the SCC susceptibility resulting from the decrease of the effect of HE. As the plastic deformation exceeds tensile strength point, the SCC susceptibility firstly increases then decreases, because of Bauschinger effect.
Electrochemical reaction rate is promoted by the increase of deformation, while the SCC susceptibility does not increase monotonously with increasing deformation in the plastic zone. This is attributed to the effect of dislocations that generated during plastic deformation on the hydrogen trap. Thus, HE plays an important role in SCC of the X70 steel pipe in deep seawater.
